Re-entry operation is requested to make the connection of the riser end with the bottom platform (BOP). In re-entry operation, the relative position between the riser end and the bottom platform should be measured. To facilitate re-entry operation, the paper presents an image analysis approach that is convenient to measure the relative position between the riser end and the bottom platform with a single waving camera installed on a ROV. In the image analysis approach, and the targets of the riser end and the bottom platform are recognized from the obtained image by matching the shape models of targets, and the shape regions of targets are highlighted. In the shape regions, the position of riser end referred to the camera, and the orientation of camera referred to the bottom platform, are calculated from circle marks on the tabs attached on the riser end and the bottom platform. Also the relative position between the riser end and the bottom platform can be got thereby, not influenced by the orientation of the waving camera.
Introduction
Riser technology is widely used in offshore oil drilling and production 1) . Drilling riser pipe is held on a vessel, floating with ocean wave 2) . For drilling and production operation, the re-entry operation needs to plug the riser end into the bottom platform.
Due to the deepness and darkness of seabed, it's difficult to get the information of the relative position between the riser end and the bottom platform which is important for re-entry operation.
Generally speaking, cameras installed on the Remote Operated Vehicle (ROV) are used to observe the riser end, an operator guesses the distance between the riser end and Blowout Preventer (BOP) from the image, and then moves the riser end empirically, but it's not an easy task, and sometimes takes too much time.
Also there are many other tools that can be adopted for the reentry operation 3), 4) , such as sonar communicators installed on the seabed and the vessel, and displacement sensors installed on the riser end, but their position measurements may be inaccurate or inconvenient.
To facilitate riser end survey, here we develop an image analysis approach that is convenient for the 3D position measurements of riser end. In the image analysis approach, the image is simply taken by a single camera (installed on a ROV waving in the water). The targets of riser end and bottom platform are recognized by matching their shape models, and the shape regions of targets are localized also. In the shape regions of targets, the 3D position of the riser end referred to the camera is calculated from the positions of 3 circles on a tab attached to the riser end, and the orientation of camera referred to the bottom platform is calculated from the positions of 4 circles on another tab fixed on the side of bottom platform. Therefore the 3D position of the riser end referred to the fixed bottom platform can be got thereby, not influenced by the orientation of the waving camera. The accuracy of the image analysis approach was checked in the air, the results are shown in the paper. To test the applicability of the proposed image analysis approach to the riser end survey, the model experiments of re-entry operation in water tank were carried out, and the successful results are shown in the paper also.
The remainder is organized as follows: Section 2 presents the groundwork of image analysis, which contains camera calibration, target shape model building and matching. Camera calibration is requested to obtain the exact camera parameters. And target shape model building and matching aim to find out the surveyed targets from the image, highlight the shape regions. Section 3 details the 3D position calculation of riser end, which includes the position calculation of riser end referred to camera, the orientation calculation of camera referred to the world coordinate system, Research Institute for Applied Mechanics, Kyushu University and so on. Section 4 shows the results of accuracy checking of the image analysis approach. Section 5 demonstrates the model experimental results of reentry operation in the water tank. Also it shows the control method for the riser end control. Section 6 sums up the contents.
GROUNDWORK OF IMAGE ANALYSIS
To carry out the image analysis approach, its groundwork should be done beforehand. Camera calibration is done to get the exact camera parameters which are necessary for the 3D position calculation of targets. Shape model of the target contains the shape contour and surrounding quadrilateral, control points, and so on. It is used to recognize the targets from the image background, localize the shape region of target for the 3D position calculation.
1 Camera Calibration
The camera parameters affecting the 3D position calculation include: The initial values of camera parameters, given by device manual, may contain a lot of errors. Especially for the radial distortion coefficient k unequal to zero, the image maybe a little barrel-or pincushion-shaped. So the camera calibration is requested to get the accurate values based on the initial ones.
Here camera calibration is accomplished by a standard calibration process. In the standard calibration process, as shown in Fig.1 , the calibration board is put on many kinds of poses in the air. The images of calibration board are captured by the camera put in a transparent house, and processed by the standard HALCON program. HALCON is a useful tool in the area of 3D measurement, and it offers an interactive programming environment for designing and testing image analysis programs 7) .
In camera calibration, the adjustment to the initial camera parameters is calculated by analyzing the center positions of all the circle marks. After camera calibration, the accurate camera parameters are obtained, which is used in the 3D position calculation of targets in the following image analysis approach.
Although the survey is carried out in the water, the camera is set in a transparent waterproof house with no water, and the lens in fact is put in air also. According to the optics theory 8) , as the light goes from a media to another one, the refraction happens.
The refraction angle is inversely proportional to the refractive index of media if the view angle is small. So the image of targets in the water becomes bigger proportionally as the image goes through the house window and is projected onto the image plane.
And the relative position between the targets in the image keeps the same with in the air. So it's not necessary to do camera calibration in the water, also it is difficult to do it. For the 3D position measurement in the water, its results are calculated by camera parameter in the air, and can be viewed as the proportional counterpart in the air.
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2 Shape Model Building and Matching of Targets
To distinguish the surveyed target from the image obtained from the CCD camera, the target shape model should be built up.
The target shape model contains the information about the shape contour, surrounding quadrilateral, the control points, and so on.
Here the program of shape model building and matching has been built upon HALCON and VC++ software.
The process of shape model building is shown in Fig.2 : (1) draw the quadrilateral surrounding the target shape to localize the shape region in the image; (2) use the gray threshold values to distinguish the target shape contour; (3) draw a measuring line along a specified direction, and calculate the intersection points of the measuring line with the target contour (in the example of Fig.2 , the measuring line can be used to measure the diameter of the cylinder target.); (4) show 2 intersection points as the control points. After the shape model building, the information of shape model can be saved into a file that will be opened by the latter shape model matching program. In the shape model, the shape contour describes the gray information of the shape region, and it will be used to find the target from another image. The surrounding quadrilateral will reduce the whole image region to a shape region on which the calculation of image analysis will image, and then analyze out the shape contour, the shape region and the control points on the matched shape. As Fig.3 shows, an image of target ( Fig.3(a) ) is obtain from camera, the target shape matching program can recognize the contour of the target shape and the surrounding quadrilateral to localize the shape region, and draw the measuring line can by connecting the matched control points, and thereby get 2 intersection points on the contour ( Fig.3(b) ). From the control points, we can estimate the magnifying rate of the target, and calculation the approximate distance between the target and the camera.
For the 3D position measurement of the riser end, the shape models of riser end and bottom platform should be built up. With the shape model of riser end and bottom platform, the targets are recognized from the obtained image, and the target regions are highlighted. In the target regions, the position calculations will be done.
3D POSITION CALCULATION OF RISER END
The system of 3D position measurement of riser end by a single camera is shown in Fig.4 . The riser end is set on the bottom To detail the 3D position calculation of riser end, this section will introduce the coordinate systems firstly.
1 Coordinate Systems
The World Coordinate System (WCS) is set referred to a side of bottom platform which is fixed in the seabed, e.g. in Fig.4 , WCS is referred to Side A. In WCS, the origin lies in the center of Tab , XY plane is set parallel to the tab, X and Z axis is horizontal, and Y axis downwards. The 3D Image Coordinate System (ICS) is referred to the camera, waving with it. In the ICS, the origin is located at the lens center, X i /Y i axes is parallel to the width/ height direction of the cell array on the camera chip, and Z i axis superposed with the lens axis, pointing to the target. WCS and ICS are 3D coordinate systems. If the orientation of camera is obtained, the coordinate of ICS can be transformed to the counterpart coordinate of WCS, which will detailed in the latter section.
2 Calculation of Riser End Position in ICS
The Riser end position referred to the camera is calculated from the 3 circles on Tab . As shown in Fig.6 , there are 3 circles of Tab projected onto the image plane through the camera lens. P 1 , P 2 and P 3 are center points of circles, O is the camera lens center, and P 1 ', P 2 ' and P 3 ' are center points of projected circle marks on the image plane. The relative positions between center points P 1 , P 2 and P 3 are given beforehand. The PPCS coordinates of P 1 ', P 2 ' and P 3 ' is calculated by center analysis of the circle areas, the counterpart IPCS coordinates can be obtained by Equation (1) .
The distance between O and the image plane is equal to the camera focal length f i , so the distances between points O, P 1 ', P 2 '
and P 3 ' can be got also. From the relationship between the points O, P 1 ', P 2 ' and P 3 ', the angles P 1 OP 2 and P 2 OP 3 can be got:
where is the distance between P 1 ' and O, and the other distance between points is denoted in the same way. (1) And then the distances , and can be calculated: 
M
So the magnifying rate of each circle can be got by Use Equation (2) to calculate the ICS coordinates of the centers of circles, and then select one as the position of riser end referred to the camera.
3 Calculation of Camera Orientation
The camera orientation includes the 3D coordinate of camera in WCS, and the 3 vectors of ICS axes in WCS. The camera orientation is calculated from 4 circles on Tab
As Fig.7 shows, there are 4 circle symmetrically distributed on Tab . The circles are projected onto the image plane through the camera lens. P 1 , P 2 , P 3 and P 4 are center points of original circles, O is the camera lens center, and P 1 ', P 2 ', P 3 'and P 4 ' are center points of projected circles on the image plane. P c is the intersection point of lines P 1 P 4 and P 2 P 3 , also is the origin of WCS. P c ' is the intersection point of lines P 1 'P 4 ' and P 2 'P 3 ', also the projected point of P c . The vectors of 
4 3D Position Calculation of Riser End
After obtaining the position of riser end in the ICS in section 3.2, the position of riser end in the WCS, i.e. the position of riser end referred to the bottom platform, can calculate by Equation (15).
ACCURACY CHECKING
To test the accuracy of the image analysis approach, the experiments in the air were carried out. The experiment setup is shown in Fig.8 . The bottom platform was fixed at a table, which had 4 sides. For each side, Tab , marked by the numbers "A", "B", "C" or "D" in the center, was attached. The WCS was set referred to the "A" side. On the bottom platform, a cylinder target with Tab was used to simulate the riser end, which can be moved along a ruler. The displacement of riser end can read from the ruler.
The error of the image analysis approach is calculated by comparing the displacement directly by the ruler from the counterpart by the image analysis approach. The camera, facing the "A" side, was put on a trolley which can be waved manually. Considering that if the waving amplitudes were large, the image of target was easy to go out of the image range, the camera was waved moved in a small range.
There are many influencing factors to accuracy such as camera resolution, camera distance, camera oblique angle, image brightness and so on. Here we only focused on the camera oblique angle, and the other factors was set on the values: the camera resolution 640 480 pixels, the camera distance 1.5-1.9m, and the image brightness 130-170.
In the experiments, the riser end was moved along X, Y or Z axis. For each axis, the camera was set on 3 poses: (1 the oblique survey, the accuracy is lower than that in the vertical survey along the same axis, but it's also good compared with the distance of 1.7m. This is to say, if the camera is put in the vertical survey, higher accuracy can be got. Obviously, in the final position, the riser end was easy to be connected with the bottom platform.
APPLICATION IN RE-ENTRY OPERATION
From the model experimental results, we can see that by the proposed image analysis approach, the re-entry operation in the tank can be accomplished successfully.
CONCLUSION
The image analysis approach proposed in the paper provides a convenient way for 3D position measurement of the riser end. In the image analysis approach, only a single waving camera is used.
Camera calibration is requested to calculate the exact camera parameter, and the shape model is used to recognize the targets of riser end and bottom platform and the shape regions of targets from the image. In the shape regions, the position of riser end referred to the bottom platform is calculated from the circle marks on the Tab and Tab attached to the riser end and the bottom platform.
The accuracy of proposed image analysis approach is checked in the air. The accuracy along X or Y axis is very good, and the accuracy along Z axis is good also compared with distance between the camera and the targets. The approach can be applied to re-entry operation. Designing an appropriate controller, the riser end can be moved to the required position successfully by the proposed image analysis approach. However, the proposed image analysis approach should be implemented in the clear water, because targets must be ensured to show clearly in the image. Fortunately in the most case, the re-entry operation is done in the relatively calm and clear water.
